uniquely separates all fragmentation channels and provides kinematically complete information for the nuclear fragments. For example, we show that for dissociative ionization of D 2 H + there is a large difference in branching ratios of the two-body The triatomic hydrogen molecular ion, H + 3 , is one of the simplest, yet most exciting molecules. It plays a major role in astrophysical chemistry [1, 2, 3] , particularly in interstellar clouds [4, 5, 6, 7] , and is an important component in the chemistry of planetary atmospheres [8] . Additionally, since it is the simplest stable polyatomic, it serves as a benchmark for first principles quantum mechanical calculations [9] . These important roles have motivated many laboratory measurements of this system, in particular infrared spectroscopy [2, 10, 11] and dissociative recombination experiments [12, 13, 14, 15, 16, 17] . Thus, much information has already been compiled on this important system and its interactions.
Our interest in H + 3 stems from the important role it may play in understanding the dynamics of polyatomic molecules in intense laser fields. While there have been several experimental studies of H + 3 ejection from larger polyatomic systems arising from bond rearrangement in the intense laser field (e.g. [18, 19] ), it is only recently that the first direct measurements of D + 3 strong-field dynamics have been carried
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+ fragmentation 2 out, by ourselves [20, 21, 22, 23, 24] and Alexander et al. [25] . Due to its basic structure, measurements of H + 3 can provide a benchmark for theory -and ultimately help develop the theoretical tools needed to explore larger systems, as exemplified by Lötstedt et al. [26, 27] . Further theoretical studies of the H + 3 system can be found in Refs. [28, 29, 30, 31, 32, 33, 34, 35, 36, 37] .
Interesting variants of H . In principle this in itself may lead to differing behaviour of these systems, as an intense laser may drive additional permanent dipole transitions that are absent from homonuclear molecules, although usually they elude experimental observation (see discussion in Ref. [38] = 2.1±0.1 on average across a broad range of electron impact energies. They noted that, in general, there tends to be a preference for ejection of the lightest nuclear fragment, namely the H nucleus in the above examples. Qualitatively, they discussed this in terms of the steepness of the potential energy surfaces for the different reaction pathways, indicating that steeper (more repulsive) surfaces favoured ejection of the lightest fragment. Furthermore, they supported this argument for ejection of the lightest fragment using classical reasoning in terms of a potential scattering description.
In this work, we use a crossed-beams coincidence 3D momentum imaging method [21, 43, 44] that is particularly well suited for uniquely identifying the many different fragmentation channels of D 2 H + (see figure 1 ) that may be categorized as:
single ionization
and double ionization
where nω denotes the interaction with the strong laser field. By applying our coincidence imaging technique, each of these channels is distinctly separated as illustrated in figure 1 . The left panel, figure 1(a), shows raw data for the coincidence time-of-flight of two fragments hitting the detector (t 2 arriving after t 1 ) within the same laser shot, accumulated over many laser shots. Labels identify the different breakup channels, with the first two fragments in the label determining the position in the spectrum. The two-body channels appear as sharp lines due to momentum conservation while the three-body channels appear broader, in this view, as the third fragment will carry a portion of the momentum. The unambiguous identification of the three-body channels can be better viewed by plotting the time-of-flight of the centre of mass of the first two fragments (t 12 ) against that of the third fragment (t 3 ), as shown in the right panel, figure 1 (b), where the three-body channels now appear as sharp lines. While raw data is presented in figure 1 , after applying momentum conservation, the false correlations distributed throughout the plot are discriminated against as shown, for example, in figure 2 of Ref. [23] .
Another important feature of the coincidence 3D momentum imaging method is that it provides kinematic information on the fragments, allowing us to observe any dynamic differences between channels. Details of the method applied to D In the interaction region, the ionic fragments from the breakup of D 2 H + were accelerated toward a detector downstream by an electrostatic field, applied using a longitudinal spectrometer. This enabled the neutral and ion fragments to be distinguished by their time-of-flight to the detector, which depends on the charge-toenergy ratio. The detector not only recorded the time-of-flight but also the position of the fragments on the detector. The fragments were detected in coincidence and the data were recorded in event mode allowing the three-dimensional momentum vector of each recorded fragment to be deduced. For two-body fragmentation of D 2 H + , a two-particle coincidence was required, and for three-body breakup, a three-particle coincidence was required. In essence, kinematically-complete information for the nuclear fragments of molecular breakup were recorded, but not the electrons from ionization channels. The KER distributions for each of the channels obtained by this method using 7 fs pulses are plotted in figure 2 with the exception of the three-body dissociation channels, H + +D+D and D + +D+H, where the dissociation rates are extremely low (as is also the case for D + 3 [20] ). The figure panels are arranged to compare the distributions of channels where an isotopic effect might arise, and some plots include a statistical weighting factor -for example, the D + +HD channel is statistically twice as probable as the H + +D 2 channel, hence the counts for the H + +D 2 channel have been scaled by a factor of two for comparison purposes. By integrating the total number of counts across the complete KER range for each channel, the isotopic ratios are obtained and presented in figure 3 . For each of these ratios we have factored in the different detection efficiencies of the fragments (determined from our measurements) which for some of the channels can lead to significant uncertainties as displayed by the red error bars on the left side of each column. The statistical uncertainty in the data is also given by the purple error bars on the right side of each column. Recall that a ratio equal to 1 indicates no isotopic effect. Summarizing the main results of this investigation ( figure 3 ): we observe a large isotopic effect for the single ionization two-body breakup channels, where the H + +D fragmentation, while the first excited state surface leads to three-body fragmentation [20] . For the ground state PES, shown in figure 4(a) , there is a deep potential valley along increasing R with r fixed at ∼2.0 a.u., which draws a propagating wavepacket on the surface towards it, favouring two-body breakup over three-body breakup (see the arrow directions). An approach to visualizing any isotopic effect in fragmentation is to use massscaled coordinates, where the internuclear distances are scaled by the square-root of the reduced mass, √ μ, along that coordinate -see, for example, Ref. [45] . figure 3 .
We note that this interpretation is harmonious with the classical formulation of Defrance et al. [42] , which demonstrates that the timescale for fragmentation favours the channel that ejects the lighter nuclei, in this case the H + +D + 2 channel. This interpretation neglects any effect of the laser field on the subsequent fragmentation dynamics once the nuclear wavepacket is promoted to the PES of the transient D 2 H 2+ . In general, we do not expect that the laser field will play a significant role in those dynamics, as ionization is expected to occur near the peak of the laser field (due to the high-intensity needed to ionize [20, 24] ) and subsequent nuclear motion unfolds as the laser intensity becomes progressively weaker and less influential. Nevertheless, it is interesting to consider the possible effects of changing the laser intensity and/or pulse duration on the isotopic effect. In particular, with increasing intensity one can expect to ionize D 2 H + at smaller internuclear distance [24] , where the PESs are steeper, thereby enhancing the isotopic effect. And for increasing pulse duration, ionization is expected to occur at larger internuclear distance [24] after the molecule has stretched in intermediate states, resulting in a decrease in the isotopic effect. While a comparison of the ratios for 7 fs pulses at 10 16 W/cm 2 with 40 fs pulses at 5×10 15 W/cm 2 is tentative at best, the general trend observed in figure 3 of a smaller [20] . A scaled cut of this potential for equilateral breakup of the molecule, shown in figure 4(f) , indicates that the potential of the H + +D + +D path is lowered (e.g., by 0.5 eV at r scaled = 6 √ m p a.u.) with respect to the D + +D + +H path (and is steeper as seen by the tangent) in line with the fact that the H + +D + +D channel dominates at 7 fs (figure 3). For comparison purposes, the cuts of the potential we have taken are based on three-body breakup in the shape of an equilateral triangle. However, this is not entirely accurate, as revealed from a comparison of the different kinematics of these three-body channels. Figure 2 Hence, our results demonstrate that, in addition to the isotopic effects seen in the branching ratios, the total and individual fragment energies are also isotopically dependent. Broadly, the interpretation by Defrance et al. [42] , that isotopic effects can be associated with the steepness of the PES in the direction of fragmentation, is consistent with our data. That is, a flat PES will lead to no isotopic effect while a steep repulsive surface favours ejection of the lighter fragment. The KER distributions in figure 2 show that single ionization leads to high KER (above 6 eV), reflecting the steepness of the D 2 H 2+ surfaces involved and thus why substantial isotopic effects in single ionization an isotopic effect, as observed in electron-impact dissociation [42] . Specifically, the pathways involved at 7 fs are expected to result in final excitation to the 2 1 A state at R∼4.8, 3.8 and 3.3 a.u. with KER values of about 0.6, 1.0 and 2.1 eV, respectivelysee [23, 24] These experimental results should serve as a benchmark for any such theory and help pave the way for exploring ever more complicated systems.
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